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Axial and Flexural Behavior of Unreinforced and FRP Bar Reinforced 32 
Circular Concrete Filled FRP Tube Columns 33 
Abstract 34 
Fiber Reinforced Polymer (FRP) composites have emerged as a viable alternative of steel 35 
reinforcement due to higher ultimate tensile strength to weight ratio and corrosion resistance 36 
of FRP composites. Concrete Filled Fiber Reinforced Polymer Tube (CFFT) technique for 37 
new column construction has attracted significant research attention. This paper investigated 38 
the axial and flexural behavior of concrete filled Carbon FRP (CFRP) tube columns with and 39 
without CFRP bar and concrete filled Glass FRP (GFRP) tube columns with and without 40 
GFRP bar. The test results of 16 circular CFFT and four steel Reinforced Concrete (RC) 41 
specimens of 203 - 205 mm diameter and 800 - 812 mm height have been reported in this 42 
paper. The test results showed a larger reduction in the confinement effectiveness of FRP 43 
tube than steel helices under increasing applied load eccentricity. FRP bar reinforced CFFT 44 
specimens exhibited higher axial loads, flexural loads, and deformations at peak loads than 45 
unreinforced CFFT and steel RC specimens. Experimental axial load-bending moment 46 
interaction curves of tested specimens also showed the improved performance of FRP bar 47 
reinforced CFFT specimens.   48 











 16 CFFT and 4 steel RC specimens are tested under concentric and eccentric axial 57 
loads and flexural load. 58 
 Failure modes and load deformation behavior of tested specimens are reported. 59 
 Effect of eccentricity on the axial load and ductility of CFFT specimens is 60 
investigated. 61 
 Effect of four point loads on the flexural load and ductility of CFFT is investigated. 62 

















1. Introduction 77 
The strength and ductility of steel bar Reinforced Concrete (RC) members in harsh 78 
and corrosive environments may decrease due to the corrosion of steel reinforcement. Fiber 79 
Reinforced Polymer (FRP) composites are considered as practicable alternative of steel 80 
reinforcement due to higher ultimate tensile strength to weight ratio, higher corrosion and 81 
chemical resistance, and higher electromagnetic neutrality of FRP composites [1]. Although 82 
the initial construction cost of FRP reinforcement (tubes and bars) is higher than steel 83 
reinforcement, structural members reinforced with FRP tubes and bars require less 84 
maintenance due to high corrosion resistance of FRP. Hence, the overall life cycle cost is 85 
expected to be less for structural members reinforced with FRP tubes and bars  under severe 86 
environmental conditions [2]. 87 
The Concrete Filled FRP Tube (CFFT) technique for new column construction was 88 
investigated in the literature as a practicable alternative of steel RC column. In CFFT 89 
columns, FRP tube acts as longitudinal and transverse reinforcement (depending on the 90 
orientation of fibers), serves as a structural formwork and a barrier to corrosion accelerating 91 
agents. FRP tube also increases the shear strength of concrete and increases the strength and 92 
ductility of columns [3, 4]. A number of experimental studies were conducted to investigate 93 
the axial compressive behavior of CFFT over the last two decades. It is now well understood 94 
that CFFT enhances the axial compressive strength and ductility of confined concrete due to 95 
the lateral confinement provided by the surrounding FRP tube [3, 5-12]. 96 
The flexural behavior of CFFT was also investigated as FRP tube confines the 97 
concrete in the compression side and increases the structural stiffness in both axial and 98 
circumferential directions. In addition, failure of CFFT was ductile with significant warning 99 




stiffness and diameter to thickness ratio of FRP tube [16]. The CFFT exhibits higher flexural 101 
strength than steel RC beam. Moreover, fibers in the FRP tube oriented perpendicular to 102 
flexural load serve as longitudinal reinforcement and are effective in resisting load and hence 103 
increases the flexural strength [17].  104 
In recent years, the use of FRP bar was investigated as a viable alternative of steel bar 105 
in RC members in axial compression. Numerous experimental studies were conducted to 106 
investigate the axial load-deformation behavior of FRP bar reinforced concrete columns for 107 
the effective application of FRP reinforcement in the construction industry. FRP 108 
reinforcement exhibits significantly higher corrosion resistance than steel reinforcement in 109 
RC columns. However, the axial load carrying capacity of FRP reinforced concrete columns 110 
was reported to be 5 – 13% smaller than the axial load capacity of steel reinforced concrete 111 
columns [1, 18-23]. Moreover, CSA-S806-12  [24] neglects the contribution of FRP bars in 112 
the compressive zone in both beams and columns, while ACI 440.1R-15 [25] does not 113 
include any recommendation for the use of longitudinal FRP bars in columns.  114 
A number of studies reported the flexural behavior of FRP (GFRP) bar RC beams 115 
(e.g., [26-28]). The studies reported that sand coated GFPR bar RC beams exhibited higher 116 
ultimate flexural loads than steel RC beams. However, wider and deeper cracks in GFRP RC 117 
beams were observed than in steel RC beams. This was attributable to the lower modulus of 118 
elasticity of GFRP bar compared to steel bar. 119 
A limited number of experimental studies were conducted on the behavior of bar 120 
reinforced CFFT under axial and flexure loads. Mohamed and Masmoudi [29] and Park et al. 121 
[8] tested steel bar reinforced GFRP-CFFT under concentric axial load. Axial load capacity 122 
of GFRP-CFFT was reported to be significantly increased with the addition of steel bars. 123 




CFFT in flexure. The GFRP-CFFT exhibited lower midspan deflections, lower ductility and 125 
higher flexural loads than steel RC beams. The flexural strength of FRP bar reinforced CFFT 126 
was reported to be influenced by the modulus of elasticity and ultimate tensile strength of bar.  127 
The majority of the research studies conducted on unreinforced and bar reinforced 128 
CFFT was focused on the behavior of columns tested under concentric axial load. However, 129 
most of the columns in actual construction are subjected to combined axial and bending 130 
moments due to load eccentricities, construction errors and lateral loads [32-34]. The 131 
experimental research studies conducted on CFFT under eccentric axial load are very limited. 132 
To the knowledge of the authors, only Lillistone and Jolly [35] tested GFRP bar reinforced 133 
CFFT under axial load at a fixed eccentricity (5% of diameter of tube). GFRP bar reinforced 134 
CFFT columns exhibited 51% reduction in axial load carrying capacity under the eccentric 135 
axial load.  136 
To bridge the gap in understanding the behavior of unreinforced and FRP bar reinforced 137 
CFFT columns under eccentric axial loads, experimental studies on FRP bar reinforced CFFT 138 
columns under different eccentric axial loads need to be carried out. A comprehensive 139 
research program including experimental and analytical investigations on the use of FRP 140 
reinforcement in structural members is on-going at the University of Wollongong, Australia 141 
[23, 36]. This paper presents results of an experimental investigation on the axial and flexural 142 
behavior of concrete filled Carbon FRP (CFRP) tube columns with and without CFRP bar 143 
and concrete filled Glass FRP (GFRP) tube columns with and without GFRP bar. Analytical 144 
investigation using non-linear finite element modelling of CFFT columns is considered 145 






2. Experimental Program 149 
2.1.  Description of the Experimental Program 150 
Four steel Reinforced Concrete (RC) specimens, eight unreinforced Concrete Filled 151 
FRP Tube (CFFT) specimens and eight FRP bar reinforced CFFT specimens were cast and 152 
tested at the High Bay Laboratories, School of Civil, Mining and Environmental Engineering, 153 
University of Wollongong, Australia. The specimens were divided in five groups with four 154 
specimens in each group. The first group, REF consisted of steel RC specimens. The second 155 
group, CT consisted of CFRP CFFT specimens without FRP bars. The third group, GT 156 
consisted of GFRP CFFT specimens without FRP bars. The fourth group, CTCR consisted of 157 
CFRP bar reinforced CFRP CFFT specimens. The fifth group, GTGR consisted of GFRP bar 158 
reinforced GFRP CFFT specimens. From each group, the first specimen was tested as a 159 
column under concentric axial load. The second specimen was tested as a column under 25 160 
mm eccentric axial load. The third specimen was tested as a column under 50 mm eccentric 161 
axial load. The fourth specimen was tested as a beam under four point loading. Table 1 162 
presents details of the specimens. The dimensions of the specimens were selected to be 163 
suitable to the capacity of the testing facilities in the laboratory. The specimens were labelled 164 
(First Column of Table 1) in two parts. The first part represents the type of FRP tube and the 165 
type of FRP bar. The second part represents load conditions (concentric and eccentric axial 166 
loads and four point loads). For example, Specimen CTCR-50 represents CFRP bar 167 
reinforced CFRP CFFT specimen tested under 50 mm eccentric axial load. 168 
The REF specimens were reinforced longitudinally with six N12 (12 mm diameter 169 
deformed bars with 500 MPa nominal tensile strength) steel bars (reinforcement ratio = 170 
2.2%) and helically with R10 (10 mm diameter plain bars with 250 MPa nominal tensile 171 




concrete cover of 15 mm at the top and bottom ends and a concrete clear side cover of 20 mm 173 
were provided.  174 
FRP tube properties such as thickness, ultimate tensile strength and orientation of 175 
fibers in FRP tube were selected to ensure that all tested CFFT specimens have strain 176 
hardening behavior so that FRP tubes were effective in confining the concrete. Also, the 177 
confining capacity of both types of FRP tubes is similar. CFRP and GFRP tubes of 0.5 mm 178 
and 1.5 mm thickness, respectively, were selected based on the review of literature. The 179 
modulus of elasticity of CFRP fibers was three times larger than the modulus of elasticity of 180 
GFRP fibers in the circumferential direction. FRP tubes were designed with two layers of 181 
fibers. The outer layer of fibers was orientated along the skew direction (±60° with the 182 
longitudinal direction) and inner layer of fibers orientated along the circumferential direction 183 
(90° with the longitudinal direction). In CFRP tubes, 34% of the fibers were orientated along 184 
the circumferential direction and 66% of the fibers along skew direction. In GFRP tubes, 38% 185 
of the fibers were orientated along the circumferential direction and 62% of the fibers along 186 
the skew direction. CFRP tubes consisted of 63% fibers and 37% resin by volume whereas 187 
GFRP tubes consisted of 60% fibers and 40% resin by volume [37]. The mechanical 188 
properties of FRP tubes are provided in Table 2. 189 
The CTCR specimens were longitudinally reinforced with six 15 mm nominal 190 
diameter CFRP bars (reinforcement ratio = 3.3%). The GTGR specimens were longitudinally 191 
reinforced with six 15.9 mm nominal diameter GFRP bars (reinforcement ratio = 3.7%). 192 
CFRP and GFRP bars were pultruded bars with all the fibers orientated along the longitudinal 193 
direction. The difference in longitudinal reinforcement ratios of Specimens REF, CTCR and 194 
GTGR was to incorporate the differences in modulus of elasticity and surface conditions of 195 




consisted of 73% fibers and 27% resin by volume [38]. GFRP bars were sand coated whereas 197 
CFRP bars were smooth without any coating. In CTCR and GTGR specimens, a concrete 198 
cover of 15 mm at the top and bottom ends was provided. 199 
2.2. Specimen Preparation 200 
 PVC pipes and FRP tubes were used as formworks for the test specimens. For REF 201 
specimens, PVC pipes of 205 mm inner diameter and 800 mm height were cleaned and 202 
placed in a wooden frame. Sixteen FRP tubes of 203 mm inner diameter and 812 mm height 203 
were cleaned and placed in a separate wooden frame. The wooden frames were made of 204 
plywood and consisted of circular holes of 207 mm inner diameter. In REF specimens, steel 205 
reinforcement cage was placed in PVC formworks on top of plastic chairs to provide the 206 
required concrete cover at the ends of the specimen. In CTCR and GTGR specimens, FRP 207 
bars were glued on the inner side of the tube along the circumference (60 degrees apart).  208 
 The specimens were cast with a batch of ready mix concrete obtained from a local 209 
supplier. The measured slump of the concrete batch was 120 mm. The maximum aggregate 210 
size of the ready mix concrete was 10 mm. The concrete was poured into the formworks in 211 
three stages. In every stage concrete was compacted using an electrical vibrator to remove air 212 
pockets within the concrete. After casting, all the specimens were cured by covering them 213 
with wet hessian rugs and plastic sheets to retain moisture for 28 days. The REF specimens 214 
were removed from the PVC pipes after 7 days. After curing, the top and bottom ends of the 215 
specimens to be tested under eccentric axial loads were vertically wrapped with 0.5 mm thick 216 
CFRP sheet up to 100 mm. Afterwards, the top and bottom ends of all the specimens were 217 
wrapped with two layers of 0.5 mm thick and 35 mm wide CFRP sheet in the circumferential 218 
direction. The FRP wrapping at the specimen ends was done to prevent premature failure 219 




2.3. Preliminary Material Testing 221 
Preliminary material testing included testing concrete cylinders, steel bars and FRP 222 
bars. The concrete cylinders of 100 mm diameter and 200 mm height were cast as 223 
recommended in AS1012.9-1999  [39] and cured in a water tank. The concrete cylinders were 224 
tested at 7 and 28 days. The average compressive cylinder strengths at 7 and 28 days were 225 
30.9 MPa and 37 MPa, respectively. Five specimens each of 400 mm in length from each of 226 
N12 and R10 steel bars were tested in tension using the 500 kN Instron testing machine 227 
according to AS1391-2007 [40]. The average tensile strengths of N12 and R10 bars were 600 228 
MPa and 400 MPa, respectively. The cross-sectional area of CFRP and GFRP bars were 229 
measured by immersion test as recommended in ISO 104061-1 [41]. The average cross-230 
sectional area and diameter of CFRP bar were 177 mm2 and 15 mm, respectively, which were 231 
identical to nominal cross-sectional area and diameter provided by the manufacturer [37]. 232 
The average cross-sectional area and diameter of GFRP bar were 292 mm2 and 19.3 mm, 233 
respectively. The nominal cross-sectional area and diameter of GFRP bar provided by the 234 
manufacturer were 198 mm2 and 15.9 mm, respectively [38]. The difference in the nominal 235 
and measured cross-sectional area and diameter of GFRP bar might be due to sand coat. 236 
Although, sand coat improves the bond between bar and concrete, its effect on the strength of 237 
bar is negligible. Hence the nominal cross-sectional area and diameter of CFRP and GFRP 238 
bars were used in calculating the ultimate strength and modulus of elasticity. Three 239 
specimens of 1555 mm in length from each of the 15 mm diameter CFRP bars and 15.9 mm 240 
diameter GFRP bars were tested in tension using the 500 kN Instron testing machine 241 
according to ASTM D7205/D7205M-11 [42]. The average tensile strengths of CFRP and 242 
GFRP bars were 1157 MPa and 1395 MPa, respectively. The average tensile modulus of 243 
elasticity of CFRP and GFRP bars was 89.4 GPa and 56 GPa, respectively. Five specimens 244 




bars (80 mm in length) were tested in compression using the 100 kN Instron testing machine 246 
according to ASTM D695-10 [43]. The average compressive strength of CFRP and GFRP 247 
bars was 596 MPa and 846 MPa, respectively. The average compressive modulus of elasticity 248 
of CFRP and GFRP bars was 49 GPa and 42 GPa, respectively.    249 
3. Test Procedures and Instrumentation    250 
3.1. Specimens under concentric and eccentric axial loads 251 
The top end of the column specimens to be tested under concentric axial load were 252 
capped with high strength plaster within a circular loading head of 235 mm inner diameter 253 
and 100 mm height made from high strength steel (Fig. 1a). The loading head was centered 254 
over the top end of the specimens to remove minor eccentricities. The top and bottom ends of 255 
the specimens to be tested under eccentric axial loads were capped with high strength plaster 256 
within the circle inscribed in square loading heads. The loading heads consisted of a 235 mm 257 
square cross section adaptor plate of 50 mm thickness (Fig. 1b) and ball joint plate of 50 mm 258 
thickness (Fig. 1c). The adaptor plate has two sockets along the length of the plate for the 259 
application of 25 mm and 50 mm eccentric axial loads. The loading heads were first centered 260 
over the capped top and bottom ends of the specimens and then the ball joint plates were 261 
firmly placed in the required sockets. To measure the axial deformation of the test specimens, 262 
two vertical LVDTs were fixed along the two opposite corners of the 5000 kN Denison 263 
Universal Testing Machine (UTM) in the test region. For the specimens tested under 264 
eccentric axial load, a laser triangulation was placed at the mid-height of the specimens to 265 
measure the lateral deformations (δ) of the specimens. The specimens were tested in the 266 
UTM as shown in Fig. 2(a) and 2(b). The specimens were preloaded to 100 kN under a force 267 
controlled load application at the rate of 50 kN/min to adjust minor misalignments between 268 




was resumed under a displacement controlled load application at the rate of 0.3 mm/min until 270 
the rupture of FRP tube or the resistance of the specimens dropped to 25% of the peak load. 271 
3.2. Testing of specimens under four point loads 272 
The beam specimens were tested under four point loading using two platen rigs (top 273 
and bottom) placed diagonally in the UTM (Fig. 1d). To test the specimens, the bottom platen 274 
rig of clear span of 705 mm was placed diagonally across the centerline on the bottom 275 
loading head of the UTM. A laser triangulation was attached to the bottom platen rig to 276 
measure midspan deflections. Specimens were centered over the bottom platen rig with 53.5 277 
mm overhang at the ends. The clear span of the bottom platen rig was marked on the 278 
specimen and divided in three equal segments of 235 mm lengths (Fig. 2c). The top platen rig 279 
was centered over the top of the middle segment of the specimen. To measure midspan 280 
deflection, two vertical LVDTs were fixed on the two opposite corners of the UTM in the test 281 
region. The specimens were preloaded to 100 kN under a force controlled load application at 282 
the rate of 50 kN/min then unloaded to 20 kN. Afterwards, the test was resumed under a 283 
displacement controlled load application at the rate of 0.3 mm/min until the resistance of the 284 
specimens dropped to 25% of the peak load or midspan deflection reached to 45 mm.  285 
4. Experimental Results and Discussions    286 
The ductility (  ) of the tested specimens was calculated using the energy method in 287 
which ductility is considered as the ratio of areas under the axial load-axial deformation curve 288 











1A and 2A = area under load deformation curve up to y and u ,respectively [34, 45 - 47] 290 
[45-47]. To compute
y , a best fit regression line to the initial linear elastic part of the load 291 
deformation curve and a horizontal line corresponding to the peak load of the specimen were 292 
drawn. The deformation corresponding to intersection of the extrapolated best fit regression 293 
line and the horizontal line represent the yield deformation
y .The deformation 294 
corresponding to 85% of the peak load in the descending part of the load-deformation curve 295 
represents u (Fig. 3).  296 
All specimens were tested to the rupture of CFFT. The failure of specimens tested 297 
under concentric axial load was marked by rupturing of fibers at the mid-height of the 298 
specimen and crushing of concrete. Unreinforced CFFT specimens tested under eccentric 299 
axial load were split in two halves at the mid-height of the specimen with crushing of 300 
concrete. FRP bar reinforced CFFT specimens tested under eccentric axial load failed by 301 
rupturing of fibers close to the mid-height of the specimen with outward buckling of FRP 302 
bars and crushing of concrete. Unreinforced CFFT specimens tested under four point loads 303 
failed by rupturing of fibers and splitting of concrete in two halves in the middle third 304 
segment whereas FRP bar reinforced CFFT specimens failed by rupturing of fibers with 305 
bending of bars and crushing of concrete.  306 
4.1. Concrete filled FRP tube specimens under concentric axial load 307 
Specimens CT-0 and GT-0 failed in a brittle manner with loud snapping sounds from 308 
rupturing of fibers followed by crushing of concrete. Specimen CTCR-0 failed with very loud 309 
snapping sounds from rupturing of fibers along the entire height of the specimen and crushing 310 
of concrete. In Specimen CTCR-0, outward buckling of CFRP bars was observed which 311 




the top one-third segment of the specimen with rupturing of the top end of the GFRP bars. At 313 
failure, the peak axial load in Specimen GTGR-0 did not drop to zero unlike Specimen 314 
CTCR-0. The axial load in Specimen GTGR-0 dropped to 25% of the peak axial load without 315 
further reduction in axial load with increasing axial deformation until the test was stopped. 316 
The failure of Specimen REF-0 was characterized by spalling of the concrete cover, crushing 317 
of concrete and buckling of steel bars without rupturing of steel helix (Fig. 4). 318 
The axial load-deformation behaviors of the tested column specimens under 319 
concentric axial load are presented in Fig. 5. Specimens CT-0, GT-0, CTCR-0 and GTGR-0 320 
carried 15.8%, 23.2%, 43.7% and 83.9% higher peak axial loads, respectively, than the axial 321 
load carried by Specimen REF-0. Specimens CT-0, GT-0, CTCR-0 and GTGR-0 showed 322 
73.1%, 117.9%, 52.2% and 88.1% higher ductility, respectively, than Specimen REF-0. The 323 
higher peak axial loads and ductility in Specimens CT-0 and GT-0 than the peak axial load 324 
and ductility in Specimen REF-0 indicate the greater effectiveness of FRP tube in confining 325 
the concrete than steel helix. The effect of FRP tube confinement was more pronounced in 326 
increasing the ductility than peak axial loads. This is because FRP tubes have two-thirds of 327 
the fibers orientated along the circumferential direction which were effective in confining 328 
concrete. Specimens CTCR-0 carried 24.1% higher peak axial load than Specimen CT-0. 329 
Similarly, Specimen GTGR-0 carried 49.3% higher peak axial load than Specimen GT-0. 330 
This showed that FRP bars were also effective in resisting axial compression along with 331 
concrete (Table 3). 332 
4.2. Concrete filled FRP tube specimens under eccentric axial load 333 
Specimens CT-25 and GT-25 failed by splitting in two halves at the mid-height 334 
accompanied by the rupture of fibers and crushing of concrete. The failure in Specimens 335 




bars and crushing of concrete. Unlike Specimens CT-25 and GT-25, Specimens CTCR-25 337 
and GTGR-25 did not split into two halves at the mid-height of the specimens because of the 338 
presence of FRP bars. In Specimen CTCR-25, most of the fibers ruptured near the mid-height 339 
whereas in Specimen GTGR-25, most of the fibers ruptured near the top one-third segment of 340 
the specimen. The failure of Specimen REF-25 was due to the crushing of concrete without 341 
buckling of steel bars and fracture of steel helix (Fig. 6). 342 
The axial load-axial deformation behaviors of tested column specimens under 25 mm 343 
eccentric axial load are shown in Fig. 7. Specimens CT-25 and GT-25 carried 15.0% and 344 
3.2% smaller peak axial loads, respectively, than Specimen REF-25. This might be due to the 345 
reduction in the confinement effectiveness of FRP tubes under eccentric axial load as tubes 346 
were subjected to both axial compression and bending moment. Also, Specimens CT-25 and 347 
GT-25 were not reinforced with FRP bars. Specimens CTCR-25 and GTGR-25 carried 33.1% 348 
and 67.5% higher peak axial loads, respectively, than Specimen REF-25 which shows the 349 
effectiveness of FRP bars in resisting axial loads. Specimen GTGR-25 resisted higher peak 350 
axial loads than Specimen CTCR-25 as GFRP bars have higher ultimate tensile strength than 351 
the CFRP bars. Also, GFRP bar has larger nominal diameter than CFRP bar. Specimens CT-352 
25, GT-25, CTCR-25 and GTGR-25 showed 51.3%, 58.1%, 54.1% and 73.3% higher 353 
ductility, respectively, than Specimen REF-25 (Table 3). 354 
The failure of Specimens CT-50 and GT-50 was characterized by splitting of the 355 
specimens in two halves at the mid-height with crushing of concrete and rupture of fibers. 356 
Specimen CTCR-50 failed due to rupture of fibers at the mid-height with significant lateral 357 
deformation but without splitting of the specimen. Specimen GTGR-50 failed due to rupture 358 
of fibers mainly in the top one-third segment of the specimen along with crushing of concrete 359 




concrete primarily in the top half of the specimens without buckling of steel bars or rupturing 361 
of steel helix (Fig. 8). 362 
The axial load-deformation behaviors of the tested column specimens under 50 mm 363 
eccentric axial load are presented in Fig. 9. Specimens CT-50 and GT-50 carried 17.7% and 364 
11.2% smaller peak axial loads, respectively, than Specimen REF-50. Specimen CTCR-50 365 
and GTGR-50 carried 12.1% and 53.2% larger peak axial load than Specimen REF-50. 366 
Specimen CT-50 exhibited 1.9% smaller ductility than Specimen REF-50 whereas Specimen 367 
GT-50 exhibited 15.4% larger ductility than Specimen REF-50. This shows that the 368 
confinement effectiveness of FRP tube was reduced under 50 mm eccentric axial load. 369 
However, Specimens CTCR-50 and GTGR-50 exhibited 72.7% and 107.8% larger ductility, 370 
respectively, than Specimen REF-50 (Table 3). 371 
4.3. Effect of Eccentricity 372 
The effect of eccentricity on peak axial loads and ductility of the 15 specimens tested 373 
as columns is presented in Fig. 10. Increase in eccentricity resulted in larger reduction in peak 374 
axial loads in CFFT specimens (CT, GT, CT-CR and GT-GR) than in steel RC specimens 375 
(REF). This may be because the modulus of elasticity of FRPs is smaller than the modulus of 376 
elasticity of steel. Moreover, FRPs have smaller compressive strength than tensile strength. In 377 
general, increased eccentricity resulted in larger reduction in peak axial load in unreinforced 378 
CFFT (CT and GT) specimens than in FRP bar reinforced CFFT (CTCR and GTGR) 379 
specimens. Increase in eccentricity resulted in decrease in ductility of tested specimens. The 380 
CT and GT specimens exhibited significantly larger reduction in ductility than CTCR and 381 
GTGR specimens. The smaller reduction in ductility of CTCR and GTGR specimens is due 382 
to the addition of FRP bars which were effective in carrying axial compressive loads. The 383 




GT specimens, although FRP tubes have two-thirds of the fibers orientated along the 385 
circumferential direction but FRPs are significantly weaker in compression than in tension. 386 
Increase in eccentricity resulted in larger reduction in ductility in GFRP-CFFT specimens 387 
than in CFRP-CFFT specimens as modulus of elasticity of GFRP tube was one-third of 388 
modulus of elasticity of CFRP tube. 389 
4.4. Concrete filled FRP tube specimens under four point loads  390 
Specimen CT-B failed due to rupture of inner circumferential fibers and outer skew 391 
fibers and also split in two halves in the middle segment of the specimen. The failure in 392 
Specimen GT-B was due to the rupture of inner circumferential fibers. However, the outer 393 
skew fibers were stretched but did not rupture. The specimen was split in two halves in the 394 
middle-third segment. Moreover, no slippage between FRP tube and concrete was observed. 395 
The observed failure in Specimens CTCR-B and GTGR-B was characterized by rupturing of 396 
fibers and bending of bars without splitting of the specimen. Specimens CTCR-B and GTGR-397 
B failed due to rupture of fibers on the bottom (tension) and top (compression) sides with 398 
bending of bars and crushing of concrete. Slippage of CFRP bars in Specimen CTCR-B was 399 
observed whereas slippage of GFRP bars in Specimen GTGR-B was very small. CFRP bars 400 
were slipped as CFRP bars were smooth uncoated bars. Specimen REF-B failed with wide 401 
and long flexural cracks in the tension region followed by crushing of concrete in the 402 
compression region within the middle segment of the tested specimen (Fig. 11).  403 
  Flexural load versus midspan deflections of beam specimens tested under four point 404 
loads is shown in Fig. 12. Specimens CT-B and GT-B carried 73.2% and 66.6% smaller peak 405 
flexural loads, respectively, and 28.4% and 27.4% smaller midspan deflections at peak 406 
flexural load, respectively, than Specimen REF-B. This may be due to the fact that most of 407 




and were not very effective in resisting flexural load under bending. Specimen CTCR-B 409 
carried 35.7% smaller flexural load and 24.4% smaller midspan deflection at peak flexural 410 
load than Specimen REF-B, as smooth CFRP bars slipped under the applied four point loads 411 
due to smaller friction between the bars and the concrete. Specimen GTGR-B carried 29.3% 412 
larger flexural load and 22.0% smaller midspan deflection at peak flexural load than 413 
Specimen REF-B, although GFRP bars were sand coated and exhibited higher frictional 414 
resistance between the bars and the concrete but small slippage was still observed. The 415 
measured results of Specimen GTGR-B obtained in this study were close to the test results 416 
reported by Cole and Fam [30] and Masmoudi and Mohamed [31]. Specimens CTCR-B and 417 
GTGR-B exhibited larger midspan deflections at ultimate flexural load than Specimen REF-418 
B. Specimens CT-B, GT-B, CTCR-B and GTGR-B exhibited 63.7%, 50.4%, 12.0% and 419 
1.0%, respectively, smaller ductility than REF-B (Table 4). 420 
5. Experimental Axial Load Bending Moment Interaction Diagrams 421 
The experimental axial load-bending moment interaction diagrams for CT, GT, 422 
CTCR, GTGR and REF specimens were drawn using pure axial load ( e = 0 mm), combined 423 
axial and bending ( e = 25 mm and e = 50 mm) and bending (four point load) to investigate 424 
the axial load bending moment capacity of the tested specimens. The bending moment 425 
capacity ( M ) of the column specimens was calculated considering both the primary and 426 
secondary moments. The primary moment ( IM ) was due to applied load eccentricity ( e ) 427 
while the secondary moment ( IIM ) was due to lateral deformations ( ) corresponding to the 428 
peak applied load. The bending moment capacity ( M ) of the specimens tested as columns 429 
was calculated using Equation (1): 430 




where P is the applied axial load. The bending moment capacity ( M ) of specimens tested as 431 




M   (2) 
where P is the applied flexural load under four point loads arrangement and L  is the span 433 
length of test specimen. In this study the span length was 705 mm (Table 5). 434 
In constructing the axial load-bending moment interaction ( MP  ) curves for CT, 435 
GT, CTCR and GTGR specimens, peak loads and lateral deformations at peak loads were 436 
selected under different load conditions. This approach of constructing axial load-bending 437 
moment interaction diagram for FRPs is similar to the axial load-bending moment interaction 438 
diagram approach adopted by Yazici and Hadi [48], Hadi and Zhao [49], Hadi and Widiarsa 439 
[45] and Hadi et al. [46] for different types of FRP confinements for RC members. The peak 440 
load corresponds to the maximum value of load resisted by the specimen before the rupture 441 
of FRP tube. The peak load in REF specimens was assumed to be the load at the first peak of 442 
axial load-axial deformation curve (cover spalling) of steel RC specimens. 443 
The plotted axial load-bending moment interaction ( MP  ) curves showed that FRP 444 
bar reinforced CFFT specimens (CTCR and GTGR) exhibited higher peak loads and bending 445 
moments than unreinforced CFFT specimens (CT and GT) (Fig. 13) which could be 446 
attributed to the increase in load carrying capacity of specimens due to the addition of FRP 447 
bars. The GT and GTGR specimens exhibited higher peak loads and bending moments than 448 
the CT and CTCR specimens. The peak loads and bending moments of GTGR specimens 449 
were higher than those of CTCR specimens. This was due to the fact that GFRP bars have 450 
higher compressive and tensile strengths than CFRP bars. Moreover, sand coated GFRP bars 451 
have higher frictional resistance and better compatibility with concrete than the frictional 452 




interaction curve for REF specimens was similar to the axial load-bending moment 454 
interaction curves for CT and GT specimens. This shows that unreinforced CFFTs were both 455 
effective in resisting load and confining the concrete under different load conditions. The 456 
axial load-bending moment interaction curves for CTCR and GTGR specimens were 457 
significantly larger than the axial load-bending moment interaction curve for REF specimens 458 
exhibiting the effectiveness of FRP bars in resisting loads in addition to CFFT. 459 
6. Conclusions 460 
In this experimental study, 16 concrete filled FRP tube (CFFT) specimens (CT, GT, 461 
CTCR and GTGR) were tested to investigate the influence of FRP tube confinement and FRP 462 
bars on the load-deformation behavior under different load conditions. Four conventional 463 
steel Reinforced Concrete (RC) specimens (REF) were also tested for comparison purposes. 464 
Based on the experimental results of this study, the following conclusions are drawn: 465 
1. Unreinforced CFFT (CT and GT) specimens resisted higher axial loads and axial 466 
deformation at peak loads than REF specimens under concentric axial loads. CT and 467 
GT specimens resisted smaller axial loads than REF specimens under axial eccentric 468 
loads. The average axial and lateral deformations at peak loads in CT and GT 469 
specimens were higher than those in REF specimens under eccentric axial loads. 470 
Unreinforced CFFT (CT-B and GT-B) specimens resisted smaller flexural loads and 471 
midspan deflections than Specimen REF-B. 472 
2. The CFFT specimens exhibited larger decrease in peak axial load than REF 473 
specimens with an increase in the applied load eccentricity from 0 mm to 50 mm. The 474 
CFFT specimens exhibited higher average ductility than REF specimens under 475 
applied load eccentricity of 0 mm, 25 mm and 50 mm. Reduction in ductility in REF 476 




however, reduction in ductility of REF specimens was larger than the reduction in 478 
ductility in CTCR and GTGR specimens as the applied load eccentricity was 479 
increased from 0 to 50 mm. 480 
3. FRP bar reinforced CFFT (CTCR and GTGR) specimens exhibited higher average 481 
axial loads and higher axial and lateral deformations at peak loads than REF 482 
specimens tested under concentric and eccentric axial loads.  483 
4. FRP bar reinforced CFFT (CTCR-B and GTGR-B) specimens exhibited higher 484 
ultimate midspan deflections than Specimen REF-B. Specimen GTGR-B resisted 485 
higher flexural load than Specimen REF-B. Specimen CTCR-B resisted smaller 486 
flexural load than Specimen REF-B due to slippage of CFRP bars. 487 
5. The axial load-bending moment capacity of GTGR and CTCR specimens were larger 488 
than the axial load-bending moment capacity of CT, GT, and REF specimens. The 489 
axial load-bending moment capacity of GT and CT specimens was similar to the axial 490 
load-bending moment capacity of REF specimens.  491 
The use of FRP tube confined concrete can be recommended in combination with FRP bars 492 
to enhance the peak axial load and ductility of columns under eccentric axial compression as 493 
an alternative of steel RC columns in areas where corrosion of steel bar is a major concern. 494 
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Table 1 663 














REF-0 205 800 Steel Steel 0 
REF-25     25 
REF-50     50 
REF-B         Four point load 
CT-0 203 812 - CFRP Tube 0 
CT-25     25 
CT-50     50 
CT-B     Four point load 
GT-0 203 812 - GFRP Tube 0 
GT-25     25 
GT-50     50 
GT-B     Four point load 
CTCR-0 203 812 CFRP CFRP Tube 0 
CTCR-25     25 
CTCR-50     50 
CTCR-B     Four point load 
GTGR-0 203 812 GFRP GFRP Tube 0 
GTGR-25     25 
GTGR-50     50 
















Table 2 677 




















direction lfuf ,  
(MPa) 
CT 54 1188 16.2 142.6 
























Table 3 699 











at peak axial 
load (mm) 
Ductility (  ) 
REF-0 1529 2.4 - 6.7 
REF-25 888 4.2 3.3 5.3 
REF-50 594 3.2 3.2 3.7 
CT-0 1770 18.1 - 11.6 
CT-25 755 3.5 4.7 8.1 
CT-50 489 2.8 3.9 3.6 
GT-0 1884 21.3 - 14.6 
GT-25 860 4.2 5.8 8.4 
GT-50 523 4.1 4.0 4.3 
CTCR-0 2197 20.9 - 10.2 
CTCR-25 1182 6.5 12.3 8.2 
CTCR-50 666 4.3 19.2 6.4 
GTGR-0 2812 23.1 - 12.6 
GTGR-25 1487 13.5 13.4 9.2 

















Table 4 714 
Test results of specimens tested under four point loads 715 








Ductility       
( ) 
REF-B 347 37.3 9.9 
CT-B 93 26.7 3.6 
GT-B 116 27.1 4.9 
CTCR-B 223 28.2 8.7 






















T Table 5 734 












REF-0 1529 - 0.0 
REF-25 888 3.3 25.1 
REF-50 594 3.2 31.6 
REF-B 347 37.3 27.0 
CT-0 1770 - 0.0 
CT-25 755 4.7 22.4 
CT-50 489 3.9 26.3 
CT-B 93 26.7 11.0 
GT-0 1884 - 0.0 
GT-25 860 5.8 26.5 
GT-50 523 2.3 27.4 
GT-B 116 27.1 13.8 
CTCR-0 2197 - 0.0 
CTCR-25 1182 12.3 44.1 
CTCR-50 666 19.2 46.1 
CTCR-B 223 28.2 26.3 
GTGR-0 2812 - 0.0 
GTGR-25 1487 13.4 57.1 
GTGR-50 910 19.8 63.5 






























Fig. 1. Test apparatus (a) Concentric loading Heads, (b) Eccentric Adaptor Plates, (c) 749 










(c) Four point loads 
Fig. 2. Testing arrangements for specimens tested under (a) Concentric loads, (b) Eccentric 752 
























(δ u)Axial Deformation (mm)















     


























     



















Fig. 7. Axial load-axial deformation and axial load-lateral deformation behavior of specimens 797 







     



















Fig. 9. Axial load-axial deformation and axial load-lateral deformation behavior of specimens 818 


















(a) Peak axial load 
 
(b) Ductility 


























Fig. 13. Peak axial load bending moment interaction diagram of REF, CT, GT, CTCR and 846 
GTGR specimens 847 
 848 
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